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Abstract—In this paper, we discuss the principles of operating 
the electric spring (ES) as a reactive power compensator and as 
a power factor corrector. The theory on electric springs with 
capacitors for voltage stabilization is reviewed to present a 
general idea on the behavior of ES. Further discussion focuses 
on the principle of ES with batteries to cover its eight possible 
operating modes and their usefulness in providing line current 
regulation. An input current control scheme is designed for ES 
with batteries to validate its capability in power factor 
correction. A low-voltage single-phase power system with 
different types of loads has been built for verifying the feasibility 
of proposed theory of ES with batteries. Experimental results 
show that the ES is capable of performing the eight operating 
modes when changing the power consumption of the non-critical 
load, and that with the proposed input current control, the ES 
can achieve power factor correction for both RL and RC loads. 
I. INTRODUCTION 
The impending energy crisis and environmental issues 
require that substantial renewable energy sources should be 
included in the future as either centralized power mills or 
distributed generators. Due to the dynamically changing 
nature of renewable energy sources, this foreseeable major 
change in power grid demands sophisticated control 
methodologies and a new discipline of management strategies. 
Smart grids based on modern power electronics and 
telecommunication technologies have been proposed as a 
promising solution. To cope with the variability and 
uncertainty of renewable energy sources, new methods for 
load management are required. 
Among various methods for load management, the 
electric spring (ES), which is based on power electronics 
technology, can instantaneously balance the power 
consumption and generation. This technique has the 
advantage over existing demand side management [1]-[6] and 
energy storage solutions [7], [8] in that: i) it can control the 
load to reduce the fluctuation of the generator; ii) it can 
flatten the voltage fluctuation caused by unstable power 
generation in real time [9]. The first generation of ES is 
presented in [9]. Based on Hooke’s law, the ES can handle 
reactive power to stabilize line voltage for critical loads. 
Research in [10] also shows that ES can reduce the capacity 
of energy storage by up to 50%. The potential of ES is further 
discovered in [11]. By replacing capacitors with batteries on 
the DC side, the ES possesses more diverse operating modes 
which can provide both real and reactive power 
compensations, and their combinations.  
With such a favorable feature, it is expected that the ES, 
as a decentralized approach, can also be used to improve the 
power quality of the distribution (low-voltage) power grids. 
Conventionally, single centralized techniques such as the 
series and shunt VAR compensators are used at the high-
voltage level to improve the performance of AC power 
systems by providing 1) load compensation and 2) voltage 
support [12]. Specifically, series compensators actively 
modify the transmission parameters and shunt VAR 
compensators change the equivalent impedance of load. A 
unified PQ conditioner integrating the series- and shunt-
active filters to address the issues of voltage flicker and 
reactive power is introduced in [13]. In recent years, static 
VAR compensators employing thyristor-switched capacitors 
(TSCs) and thyristor-controlled reactors (TCRs) are the 
dominant solutions for such applications, due to their simple 
structures, convenient implementation, and affordable price 
[14]-[16]. The emergence of flexible AC transmission 
systems (FACTS) based on these advanced power electronic 
technologies opened a new area for the operation of 
transmission systems [17]-[21]. It is worth to mention that 
such modern techniques are based on large-capacity 
compensators that conduct power quality improvement in a 
centralized manner. However, in future power systems where 
renewable energy sources are connected to power grids in a 
distributed manner, installing decentralized power 
compensators in numerous small capacities at the load side 
can be more favorable than the centralized approach. Here, 
the ES are numerous in quantity and they act simultaneously 
to achieve voltage stability and power compensation. Thus, 
they can be perceived equivalently as a decentralized type of 
series reactive power compensators (RPC) which has the 
power factor (PF) correction features. This paper 
demonstrates the use of ES to perform tasks similar to that of 
RPC and power factor correctors (PFC), but at the low 
voltage distribution level in achieving voltage stability in 
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grids with renewable sources through input voltage control 
and power quality improvement through input current 
control.  
 
II. REVIEW ON ES BEHAVING LIKE A SERIES REACTIVE 
POWER COMPENSATOR 
The ES is a special type of RPC designed for 
decentralized installation and operation, and for the core 
purpose of line input voltage control. This is in contrary with 
the series RPC, which adopts an output voltage control, as 
shown in Fig. 1(a). In a series RPC, the feedback signal is 
acquired at the location where the active power flows out of 
the reactive power compensator and into load. However, in an 
ES, the feedback signal is obtained at the location where the 
active power flows into the compensator, as shown in Fig. 
1(b). In a series RPC, the objective is to ensure that the output 
voltage has a constant amplitude regardless of the varying 
nature of the amplitude of the line input voltage. However, 
for the ES, the objective is reverse, and the function is aided 
with the use of a so-called non-critical load, which is tolerant 
to a fluctuating voltage supply. 
These differences from a series RPC offer many 
beneficial features for the ES: i) the line voltage can be 
supported to nominal value, giving the critical load a stable 
voltage; ii) the non-critical load connected in series with ES 
can consume the fluctuating power generated by the unstable 
AC power sources. Such useful properties of allowing 
instantaneous balance of power supply and demand while 
concurrently achieving local line voltage stability is 
particularly useful and important for future smart grids with a 




Figure 1.  (a) Simplified control diagram of series RPC. (b) 
Simplified control diagram of ES. 
Moreover, with the ES connected in series with the non-
critical load Zo as shown in Fig. 2, controlled variation in 
power consumption is easily achievable. Non-critical loads 
such as water heaters, air-conditioning systems, public 
lighting systems, and refrigerators can be varied or shed off, 
as and when necessary. The advantages of this arrangement 
are twofold. Firstly, the ES can be a small-capacity 
compensator embedded in common electrical appliances that 
are widely present in a distributive manner. Secondly, by 
keeping the local line voltage stable and letting the output of 
the ES to fluctuate, the non-critical loads can absorb the 
fluctuating power while ensuring a constant voltage supply to 














Figure 2.   Use of ES in electrical system. 
A half-bridge inverter with DC link capacitors is a 
possible way of implementing the ES. This type of ES can 
stabilize line voltage by handling only the reactive power. 
Therefore, there are only two possible operating modes: i) 
capacitive mode when ES generates −ve reactive power to 
boost line voltage and ii) inductive mode when ES generates 
+ve reactive power to suppress the line voltage. With the ES 
in series with Zo, the phase angle difference between ES 
voltage and the non-critical load current (Ves is 90⁰ leading or 
lagging Io) decides the operating mode of ES (inductive or 
capacitive mode).  
The relationship of the ES voltage Ves, line voltage Vs, 
and non-critical load voltage Vo is given by 
Vo = Vs − Ves  (1) 
Equation (1) shows the fundamental relationship that can 
be exploited to allow the ES to regulate the line voltage. 
Specifically, when Vs remains at its nominal value, the ES is 
bypassed and Vo equals to Vs, as shown in the equivalent 
circuit diagram given in Fig. 3(a). When Vs surges above the 
nominal value, the ES is instantaneously turned on to generate 
a voltage Ves to suppress Vs to its nominal value, as shown in 
Fig. 3(b). On the other hand, when Vs drops below its nominal 
value, the ES instantaneously generates a voltage Ves to boost 
Vs to its nominal value, as shown in Fig. 3(c). So, by 
incorporating such operations, the ES voltage will 
instantaneously track the fluctuations of Vs, and in the process, 
will indirectly transfer the voltage fluctuation to the non-
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Figure 3.  Equivalent circuit of ES working in (a) neutral position; (b) 
voltage suppressing mode; and (c) voltage support mode. 
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III. PRINCIPLES OF ES WORKING AS A PFC 
A. Characteristcs of ES with Batteries 
A modified version of ES is achievable by replacing the 
DC link capacitors with batteries (or connecting the batteries 
across the capacitors). As compared to an ES with capacitors, 
an ES with batteries can generate a voltage with phase angle 
from 0 degree to 360 degrees relative to the phase angle of 
the non-critical load current, thereby allowing both real and 
reactive powers to be exchanged. Under the same electrical 
configuration, an ES with batteries can provide other 
operating modes in addition to the inductive and capacitive 
modes. This characteristic improves the capability of an ES 
for use in stabilizing future smart grids. 
As mentioned previously, the operating mode of the ES is 
decided by the phasor relationship of Ves and Io. For an ES 
with capacitors, Ves can only be perpendicular to Io. However, 
for an ES with batteries, since phase angle of Ves can change 
freely, Ves can be either opposite to or in phase with Io to give 
two more primary operating modes: 1) negative-resistive 
mode when an ES generates real power by discharging the 
batteries; 2) resistive mode when an ES absorbs real power 
by charging the batteries. Thus, an ES with batteries 
possesses four primary operating modes. Building upon this, 
four other secondary operating modes, which are 
combinations of the four primary operating modes, are 
possible additions.  
Eight possible operating modes of ES with batteries can 
be used for multiple purposes, such as power and voltage 
compensations [12]. Here, the possibility of line current 
regulation is explored with the examination of the eight 
operating modes. To simplify the discussion, the following 
assumptions are considered. In the distribution power system 
given in Fig. 2, the line voltage Vs is considered to be 
constant in phase, frequency and amplitude, and the non-
critical load Zo is resistive.  In this way, the operating mode 
of the ES can be equivalently observed by learning the vector 
positions of Ves and Vo.  
In all the eight operating modes, the introduction of the 
Ves will lead the power system into a new steady-state 
condition. As compared with the state when the ES is absent, 
the new steady-state condition reshapes the power 
consumption of the non-critical load and, as a result, changes 
the behavior of the line current. Meanwhile, either real or 
reactive power or both, are exchanged between the ES and 
the power source. 
From Figs. 4(a) and 4(b), pure capacitive and inductive 
modes can be realized by ensuring Ves to be perpendicular to 
Vo (Ves 90° leading Vo for inductive mode, Ves 90o lagging Vo 
for capacitive mode). For these operating modes, the ES only 
exchanges reactive power with the power source. The original 
non-critical load voltage (without an ES) Vo’ (blue-dotted 
line), which is equal to the line voltage Vs, is relocated to a 
new position Vo (blue-solid line) after the introduction of Ves. 
As a result, Vs is decomposed into Ves and Vo, which reduces 
the power consumption of the non-critical load. Thus, an ES 
in the inductive mode can perform load reduction and 
changes the equivalent load to be more inductive.  An ES in 
the capacitive mode can perform load reduction, but changes 










Figure 4.  Voltage vectors of the eight operating modes of ES with 
batteries. (a) inductive mode. (b) capacitive mode. (c) resistive mode. (d) 
negative-resistive mode. (e) inductive plus resistive mode. (f) capacitive 
plus resistive mode. (g) inductive plus negative-resistive mode. (h) 
capacitive plus negative-resistive mode. 
Figs. 4(c) and 4(d) show the voltage vectors of the ES 
working in resistive and negative-resistive modes. In both 
cases, only real power is exchanged between the ES and the 
power source. An ES in resistive mode introduces voltage Ves, 
which suppresses Vo’ to Vo and thus reduces the power 
consumption of the non-critical load. In contrast, Ves of 
negative-resistive mode increases Vo’ to Vo and thus boosts 
the power consumption of the non-critical load.  In summary, 
an ES in the resistive mode makes the equivalent load less 
resistive while an ES in the negative-resistive mode makes 
the equivalent load more resistive. 
Based on these four primary operating modes, four hybrid 
secondary operating modes with voltage vectors as shown in 
Figs. 4(f) to Fig. 4(h), in which real and reactive powers are 
simultaneously exchanged between the ES and the power 
source, would be possible. Specifically, the four secondary 
modes are namely, the resistive plus inductive mode, resistive 
plus capacitive mode, negative-resistive plus inductive mode, 
and negative-resistive plus capacitive mode. Since the 
resistive, inductive, and capacitive modes have load reduction 
effect, the resistive plus inductive mode, and resistive plus 
capacitive mode reduce the power consumption of the non-
critical load. However, the negative-resistive mode, negative-
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resistive plus capacitive, and negative-resistive plus inductive 
can be used to boost power consumption of the non-critical 
load. 
B. Principles of the ES with Batteries for PF Correction 
One particular application of the ES with batteries (with 
eight operating modes) is for PF correction, which can 
minimize reactive power exchange by controlling the input 
current to be in phase with the input voltage. This technique 
is common in high-voltage transmissions with centralized 
compensation. In future smart grids, the ES can be installed 
in low-voltage distribution grid to perform the same task. 
Using as a PFC, an ES adopts the same electrical 
configuration as that of an ES acting as a series RPC, but 
possesses distinct operating principle. In line voltage 
regulation, Vs is fed back and controlled instantaneously. An 
“input voltage control” is necessary for an ES with capacitor 
to achieve this function. However, for an ES acting as a PFC, 
the “input voltage control” fails to be an option, since the 
input current matters more than the input voltage in achieving 
a satisfactory PF. Thus, different from an ES acting as a 
series RPC, an ES acting as a PFC should dynamically shape 
the input current to be in phase with the input voltage by 
compensating both the real and reactive powers. To realize 
this objective, the input current rather than the input voltage 
is fed back and an “input current control” is devised, 
accordingly.  
Consider a standard setup of an ES in an electric power 
system as shown in Fig. 5, in which the input voltage Vs is 
assumed to change only slightly in phase and amplitude due to 
the limited inner impedance of the power source. 
 
Figure 5.  Practical setup of ES as a PFC. 






= +  (2) 
where I is the line current, Vs is the line voltage, Ves is the 
output voltage of ES, Zo is the impedance of the non-critical 
load, and Zs is the impedance of the critical load. 
To relate the control of the line current given in (2) to the 
power source voltage Vg, the effect of the inner resistance of 
















By substituting (3) into (2), the relationship between I and 
Vs is derived as 
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Equation (4) shows that in a power system with a given Zo 
and Zs, fixed Zin, and a constant Vg, the phase angle of the 
input current I can be controlled by changing Ves. 
 
C. Input Current Control of the ES for PF Correction 
Equation (4) is a straightforward description of how Ves can 
control I. However, it is also a highly coupled relationship 
between the phase angle of I and the amplitude and phase 
angle of Ves. Thus, re-organizing (4) is necessary for the 
design of a feasible control scheme. 
In a power system with fixed operating frequency (fs = 50 
Hz), all parameters can be regarded as a rotating vector within 
a framework, which consists two perpendicular axis (d and q) 
and rotates at a frequency fs = 50 Hz. When a reference vector 
to which the phases of other vectors are compared is chosen, 
all parameters are represented by vectors with certain 
amplitudes and phase angles.  The reference vector is set along 
the d axis, which gives it an angle of 0⁰. 
Before applying the above transformation for (4), a few 
simplifications are required. Parameters are redefined as given 
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(6) 
By substituting (5) and (6) into (4) and converting I, Ves, 
and Vg into the d +jq form with Vg chosen as the reference on 
the d axis ( | | 0g gV V= ∠ °), we have 
1 3 4
2 3 4
d g esd esq
q g esq esd
I bV b V b V




Equation (7) is fundamental for the design of the input 
current controller. For the d component of line current, Vesd 
will be used as a feedback for the design of the d loop. Vesq is 
fed back for the design of the q loop. 
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 Figure 6.  Control diagram of ES for PF correction. 
Fig. 6 shows the structure of the proposed input current 
controller. The phase angle of the Vs and the amplitude 
reference of I is instantaneously sent to a “Polar to d-q” block, 
which performs respective polar to d-q transformation. 
Current references along both of the d and q axes are 
generated and then compared with the input current along the 
d and q axes. The derived errors are fed the respective PI 
controllers to generate the references for Ves. The Ves 
references in the d-q form are integrated into a single 
sinusoidal form Ves_ref. The mathematical expression of PI 
controller is given as: 
_ _ _ _ _ _ _( / )( )s ses mag ref p V i V s mag ref s magV K K s V V= + −  
(11) 
 
IV. EXPERIMENTAL SETUP OF THE ELECTRIC SPRING 
 
 
Figure 7.  Overview of the experimental setup. 
TABLE I.  SPECIFICATIONS OF EXPERIMENTAL SETUP 
Power System Electric Spring 
Power Source Vg = 120 VRMS 
Switching 
Frequency 20 kHz 
Non-critical  
Load 200 Ω 
Filter  
Inductor 500 uH 
Critical  
Load 1 500 Ω 
Filter  
Capacitor 13.2 uF 
Critical  
Load 2 115 +  j115 Ω DC link Capacitor 4500 uF 
Critical  
Load 3 115 −  j115 Ω Battery Voltage 2*120 V 
 
Fig. 7 shows the block diagram of the setup of a single-
phase power system with the ES for experimental verification. 
The system consists of a constant AC power source, a 
resistive non-critical load, and a critical load. Three types of 
critical load, namely a resistive, a resistive-inductive, and a 
resistive-capacitive load, are used.  The parameters of the 
system setup are given in Table 1.  
The power converter implementing the ES is a half-bridge 
inverter with the dc voltage rail fed by batteries. A bypass 
relay is connected across the output capacitor of the inverter to 
bypass the ES when operation of ES is not required. The 
specifications of the ES are given in Table 1.  
The derivation of the system frequency is achieved by a 
phase-locked loop (PLL) block for multiple uses: 1) the 
framework to which all variables are transformed needs a 
rotating frequency; 2) the d and q components of the Ves 
reference signal have to be synchronized into the sinusoidal 
form using the system frequency. Instead of Vg, the line 
voltage is used as the reference whose instantaneous value is 
sent to the PLL block. Vs is tracked on the d axis with a zero 
degree phase angle. This arrangement facilitates the setting of 
the phase reference for the line current. Since Vs is used as the 
reference, the phase reference of line current can be set to zero 
at all times. The data acquisition and processing block is 
included to process the instantaneous values of the line current 
and voltage into the format suitable for use by the input 
current controller. Its major function is to transform the 
sinusoidal line current into the decoupled d+jq form.  
 
V. EXPERIMENTAL RESULTS AND DISSUSSIONS 
To demonstrate the functions of the ES, two sets of 
experiments are conducted based on the setup (Fig. 7). The 
first set of experiments demonstrates that the ES with 
batteries can change the load consumption of the non-critical 
load by performing eight possible operating modes. In the 
second set of experiments, the ES is programmed to perform 
PF correction with input current control. A resistive-
capacitive and a resistive-inductive critical load are used 
respectively to examine the PF correction capability of the ES 
for various types of loads.  
 
A. Operating Modes of the ES with Batteries 
This experiment is done under the conditions:  Vs = 120 V 
(50 Hz), Zo = 200 + j0 Ω, and Zs = 500 + j0 Ω. Without the 
ES, the steady-state operating condition of the system is Io = 
0.6 A and Is = 0.24 A. The steady-state condition of the 
system with the ES activated will be compared to this original 
condition in order to show the effect of the ES on the current 
flow and power consumption of the non-critical load. 
 
1) Resistive Mode: In resistive mode, Ves and Io are in 
phase with only real power being exchanged between the 
power source and the ES. Meanwhile, Ves reduces the 
amplitude of Vo (non-critical load voltage) and thus performs a 
load power reduction. As shown in Fig. 8, after the 
introduction of Ves = 43 V, the non-critical load current Io 
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drops from 0.61 A to 0.38 A with no change in phase angle, 
signifying a reduction in real power consumption.   
 
Figure 8.  Captured waveforms of ES working in the resistive mode. 
Measured RMS values: Ves = 43 V;  Io = 0.38 A. 
2) Negative-Resistive Mode: In Fig. 9, ES generates a 
voltage of Ves= 40 V  in opposing phase to Vs. As a result, Io 
is increased from 0.61 A to 0.78 A, leading to an increase in 
power consumption of the non-critical load. This power is 
supplied by both the power source and the ES.  
 
Figure 9.  Captured waveforms of ES working in the negative-resistive 
mode. Measured RMS values: Ves = 40 V; Io = 0.78 A. 
3) Inductive Mode: In the inductive mode, Ves is 90° 
leading Io as shown in Fig. 10. The non-critical load current is 
decreased to 0.36A, leading to a reduction in the power 
consumption of the non-critical load.  
 
Figure 10.  Captured waveform of  ES working in the inductive mode. 
Measured RMS values: Ves = 62 V; Io = 0.45 A. 
4) Capacitive Mode: The capacitive mode occurs when 
the phase of the ES is 90° lagging Io. In Fig. 11, it is shown 
under such a condition that Io is reduced to 0.39A, resulting in 
a reduction in power consumption of non-critical load. 
 
Figure 11.  Captured waveforms of ES working in the capacitive mode. 
Measured RMS values: Ves = 62 V; Io = 0.42 A. 
5) Inductive Plus Resistive Mode: When the ES works in 
the inductive-plus-resistive mode, Ves leads Io by 0-90°. Here, 
Vo is reduced with the introduction of Ves, causing a reduction 
in power consumption of the non-critical load. (Fig. 12)  
 
Figure 12.  Captured waveforms of ES working in inductive plus resistive 
mode. Measured RMS values: Ves = 42 V; Io = 0.41 A. 
6) Capactive plue Resistive Mode: When the ES works in 
the capacitive-plus-resisitive mode, Ves lags Io by 0-90°. Here, 
Vo is reduced with the introduction of Ves, causing a reduction 
in power consumption of non-critical load. (Fig. 13) 
 
Figure 13.  Captured waveforms of ES working in capacitive plus resistive 
mode. Measured RMS values: Ves = 42 V, Io = 0.42 A. 
7) Inductive Plus Negative-Resistive Mode: In the 
inductive-plus-negative-resistive mode, Ves leads Io by 90-
180°. Io is increased after the introduction of Ves, leading to a 
boost in the power consumption of the non-critical load.  
 
Figure 14.  Captured waveforms of ES working in inductive plus 
negative-resistive mode. Measured RMS values: Ves = 52 V; Io = 0.63 A. 
8) Capactive plus Negative-Resistive Mode: In the 
capacitive-plus-negative-resistive mode, Ves lags Io by 90-
180°. Io is increased after the introduction of Ves, leading to a 
boost in the power consumption of the non-critical load. 
 
Figure 15.  Captured waveforms of ES working in inductive plus 
negative-resistive mode. Measured RMS values: Ves = 51 V; Io = 0.65 A. 
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Figure 16.  (a) Without ES for capacitive plus resistive load. Measured 
RMS values: VS = 120 V; I = 1.2 A; Ves = 0 V; Io = 0.61 A. (b) With ES 
working as PFC for capacitive plus resistive load. Measured RMS values: 
VS = 120 V; I = 0.98 A; Ves = 70.5 V; Io = 0.88 A. (c) Phase angles of line 
voltage and line current before and after ES is turned on. 
 
1) Using the ES as a PFC for an RC load: In this 
experiment, the system has an equivalent RC load Zequal = 
88 − j41 = 97∠26° Ω, which gives a PF of 0.902 (leading). 
After the ES is activated, the phase angle of I is reduced to 
8°, which corrects the PF to 0.990.  Figs. 16(a) and 16(b) 
give the captured waveforms of the system with and 
without operating the ES. Fig. 16(c) shows the 
corresponding phase angles of Vs and I. 
2) Using the ES as a PFC for an RL load: The system has 
an equivalent resistiv-plus-inductive load of Zequal = 88 + j41 
= 97∠26⁰Ω, which leads to a PF of 0.906 (lagging). After 
the ES in inductive-plus-negative-resistive mode is 
introduced, the phase angle of the line current I is reduced to 
6°, changing the PF to 0.995. Figs. 17(a) and 17(b) give the 
captured waveforms of the system with and without operating 
the ES. Fig. 17(c) shows the corresponding phase angles of 







Figure 17.  (a) Without ES for inductive plus resistive load. Measured 
RMS values: VS = 120 V; I = 1.2 A; Ves = 0 V; Io = 0.61A; (b) With ES 
working as PFC for inductive plus resistive load. Measured RMS values: 
VS = 120 V; I = 0.98 A; Ves = 76 V; Io = 0.67 A. (c) Phase angles of line 
voltage and line current before and after ES is turned on. 
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VI.  CONCLUSIONS 
The principles and operations of the electric springs (ES) 
with DC-link capacitors and with batteries are investigated. 
The original proposal of the ES with capacitors provides 
reactive power compensation for mains voltage stabilization 
and automatic non-critical load power variation for balancing 
power supply and load demand. By replacing the DC-link 
capacitors with batteries (or connecting the battery across the 
dc link capacitor of the inverter), the ES can operate in eight 
operating modes, which enable the ES to provide power 
factor correction. A detailed discussion into this aspect is 
provided in this paper. It is shown theoretically that the ES 
with batteries is capable of performing line current regulation 
as well as power factor correction. A design of an input 
current controller allowing the ES to operate like a power 
factor corrector is presented and practically verified.  
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